Results from a field study of a submarine spring and its associated brackish water plume at the head of Cambridge Fiord, Baffin Island, are presented. Computer-enhanced 1920-kHz acoustic backscatter images yield measures of maximum height of rise, plume geometry, and vertical velocities in the rising plume. Submersible observations indicate that the freshwater discharge is localized, being about 5 m in horizontal extent. A thriving benthic community was found within this area. The initial geometry and water properties of the flow at the vent, together with the ambient stratification and a numerical buoyant plume model, are used to show that the probable freshwater discharge rate lies in the range 0.10 to 0.20 m3/s. Computed vertical velocities on the plume axis are significantly greater than the vertical velocities inferred from scattering structure trajectories in the acoustic images. The decay of acoustic backscatter amplitude as a function of radial distance in the neutrally buoyant spreading plume is comparable to the radial decay of temperature fine structure, and the radial decay scales are consistent with those expected from molecular dissipation of turbulent microstructure.
INTRODUCTION
Submarine springs and their associated plumes have not been studied extensively. An informative review of early work has been written by Kohout [1966] . Most known springs have been discovered either because of some surface signature [e.g., Blume et al., 1981] or by scuba divers. These observations are usually possible only in shallow water. There is evidence, however, to suggest that freshwater discharge can occur at depths as great as 500 m [Manheim, 1967] , and it might be expected that more evidence for deepwater springs will accumulate as the use of submersibles, remote operated vehicles, and modern underway survey techniques becomes more extensive.
The submarine spring at the head of Cambridge Fiord, Baffin Island, was discovered because aerial reconnaissance photographs revealed the annual formation, in late winter, of a polynya approximately 50 m in diameter [Dunbar, 1958] . Sadler and Serson [1980] reported the first direct observations of the polynya and were the first to suggest that it was caused by a submarine freshwater spring. The source of groundwater feeding the spring was believed to be the lake shown in Figure 1 , because the water level of this lake decreases by approximately 1.0 to 2.0 m during the winter, when there is no surface runoff at these latitudes. Furthermore, Sadler and Serson found that the discharge rate equivalent to this drop in lake level was comparable to the submarine spring discharge rate needed to form and maintain the polynya. Subsequently, Hay [1984] reported the results of a preliminary study of the discharge plume, in which acoustic sounding techniques were used to locate and monitor the plume during the ice-free season in autumn, when the plume did not reach the surface.
In this paper, results from a third investigation of the submarine spring and buoyant plume in Cambridge Fiord are and temperature and salinity fine structure and by a discussion of the implications of this comparison for sound scattering by turbulence in the plume. Finally, a brief discussion of the effects of the submarine spring on the local biological community is presented.
THE STUDY AREA AND METHODS
Cambridge Fiord is situated on the east coast of Baffin Island, at approximately 71 øN, in the Canadian Arctic archepelago. The fjord reaches inland for about 100 km and has a low tidal range, typically less than I m. The bathymetry in the area near the head of Cambridge Fiord is shown in Figure  1 . The previously mentioned freshwater lake is located approximately 3 km from the head on the delta, which has risen through time, as a consequence of isostatic rebound, to its present height of about 30 m above sea level. The lake is drained by a seasonal stream, which has cut a channel through the raised delta. Results from a study of the plume in September 1985 from the Pandora II and the submersible Pisces IV are reported here, together with some results from an earlier study in September 1983 aboard the C.S.S. Hudson [Petrie and Trites, 1984] .
The 1985 field program was restricted to observations of the plume and the ambient environment at the head of the fjord. Four dives on the site were made with Pisces. The plume was located with the ship's launch using the 192-kHz acoustic sounder described below. Navigation on board Pisces was based on acoustic direction finding to a pinger at the freshwater vent, which had been deployed from the launch. Measurements made with Pisces included velocity, with a Neil Brown Instruments Systems DRCM-2 acoustic current meter; conductivity and temperature, using a Guildline model 8770 portable conductivity-temperature-depth profiler (CTD); and visual and photographic observations, using a Photosea 2000 camera and an Osprey video camera system. Water samples for laboratory analysis were taken using the submersible's suction water sampler.
The plume was mapped from the launch by running acoustic sounding lines in circular arcs spaced at approximately 10-m intervals in the general area of the vent. The arcs were centered on microwave shore transponders, which were part of a Motorola Miniranger microwave positioning system, having a rated accuracy of I to 2 m. Two transponders were deployed on the beach, separated by 229 m.
The acoustic sounder was built by Ross Laboratories, Inc. The transmitted output power is 800 W rms, the receiver sensitivity is 0.65 x 10 -6 V over a bandwidth of 5 kHz, and the transducer beamwidth is 2.3 ø. The sounder was operated with a pulse length of 0.5 ms, giving a range resolution of approximately 40 cm, and with a pulse repetition interval of 270 ms. The full-wave rectified, low-pass-filtered acoustic backscatter signals were FM recorded on a Racal Store 4DS instrumentation tape recorder. The recordings were made at a tape speed of 38.1 cm/s, for which the recorder' s frequency response was flat from 0 to 5 kHz, -3 dB at 6.2 kHz, and -20 dB at 10 kHz. The rms tape noise level was approximately -43 dB at 3 kHz. Each analog tape was calibrated by recording the 3 DC levels from the recorder's calibrator output. The analog signal was digitized on a HP model 5451B Fourier analyzer at an effective rate of 40 kHz by using a playback tape speed at 19.1 cm/s and a sampling rate of 20 kHz. The recorded trigger pulse was used to activate a 4096-point digitizing window. Acoustic images of the plume were constructed from the acoustic data using a Norpak VDP-I 1 image-processing system.
The plume was also mapped with a closely spaced grid of CTD stations, by hand-hauling the launch from station to station while it was tied to a four-point mooring. The Guildline CTD system (sampling interval of 190 ms) was also mounted in a fixed position on Pisces during the submersible dives. For the current measurements from Pisces, the DRCM-2 acoustic current meter (0.5-s sampling interval) was mounted on the submersible's remote manipulator arm. Measurements were made while the submersible was resting on the seabed. The current meter was maintained in a roughly horizontal orientation by the pilot, using spirit levels mounted to the current meter pressure case. This was not always a straightforward operation, however, as the submersible had a tendency to sway as the manipulator arm moved, because of the uneven seabed. The deck unit for the DRCM was modified so that the orthogonal velocity components could be obtained instead of the usual components referenced to magnetic north, which were of no value in this application. Figure 2 shows temperature, salinity, and tr 0 along an axial section at the head of the fjord in September 1983. Although these data were not collected during the main experiment in 1985, they provide a general picture of the ambient stratification in the fjord in the autumn. A low salinity, roughly 2øC upper layer of the order of 10 m thick, is separated from cold [Hay, 1984] show the plume extending from the bottom up to a minimum depth of 9 m and spreading out horizontally between 12 and 20 m depth. These differences in the maximum height of rise, and in the depth of the spreading plume, are due to different ambient stratification during the 2 years. The greatest difference in this respect is that the brackish upper layer was both thicker and less saline in 1985 (compare Figures 2 and 4) . Differences in height of rise are also observed from day to day: for example, the rising plume in Plate 1 reaches a depth of 15 m, while the CTD data in Figure 4 , which were collected the following day, show the plume reaching 10 m depth. This is due to a change in the ambient stratification in response to a reduction in the speed of up-inlet winds [Colbourne, 1987] . The submersible dives show that the discharge, rather than being a point source, is in fact distributed over an area roughly 5 m in diameter. Within this area, the fresh water was observed to be seeping slowly from the bottom, with virtually no initial momentum. This suggests that the groundwater feeding the discharge is percolating through the delta. However, a large rock about 2 m long by 0.7 m wide by 0.5 m high was sitting in the middle of the discharge area (see the sketch in Figure 6 ), and the nature of the freshwater discharge underneath the rock is not known. The discharge mixture converges toward the rock in the centre of the vent area, and combines with several other smaller discharge plumes to form a single plume of brackish water approximately 1.0 m above the bottom. The required inputs for the model are the initial diameter, the initial velocity, the ambient stratification, and the initial density difference. However, we can specify only the initial velocity, ambient stratification, and the initial density difference. We do not have a measure of the initial diameter, and furthermore, the rate of freshwater discharge is unknown.
OBSERVATIONS
These two quantities are related, through the total discharge rate, as follows. The initial salinity and the volume rate of discharge can be found by considering the sum of the freshwater discharge and the seawater entrained into the discharge. This entrainment certainly occurs in the convergence zone near the bottom, and may also include entrainment of saline porewater within the prodelta itself. We assume here that the salinity of both types of entrained water is the same. The initial salinity of the discharge mixture can It would appear that for an initial salinity of 28 which, to reiterate, was close to the value of 27.7 measured from the submersible, the freshwater discharge must fall in the range 0.10 to 0.20 m3/s to be consistent with our observations. This range is surprisingly close to the value of 0.14 m 3/s obtained by $adler and $erson [1980] . They obtained their estimate from heat budget considerations associated with maintenance and growth of the polynya. While their heat budget argument was made assuming that there was no entrainment of seawater into the rising plume, which the present study shows is clearly incorrect, the discharge rate of 0.14 m3/s is consistent with the observed drop of 1 to 2 m in the water level of a lake situated 3 km from the head of the fjord (Figure 1 ). Because this decrease in lake level occurs during winter when there is no surface runoff, they attributed the decrease to discharge via the submarine spring. Figure 10 shows vertical profiles of centerline velocity predicted by the model, for the same range of initial salinities and freshwater discharge rates as Figure 9 . These profiles do not exhibit the constant vertical velocity in the 5-to 25-m height range that might have been expected on the basis of the rising scattering structures in Plate 2 (image E), and which have also been reported elsewhere [Hay, 1984] . Furthermore, the velocities computed for the most probable values of initial salinity (28 or less) and freshwater discharge (0.10 to 0.20 m 3/s) are much higher in this height range than the 32 cm/s determined from the scatterer trajectory slopes. This perhaps implies that the scattering structures are located not on the centerline of the rising plume, but instead toward its edge where the mean velocity is lower, and consequently that the scattering structures may be associated with eddies formed at the edge of the plume. 
Radial Decay of Fine Structure and Backscatter in the Spreading Plume
We now investigate the possibility that turbulent fluctuations may be at least partially responsible for the observed backscatter from the plume. There are a number of reasons for supposing that this could be true. The submersible observations at the vent showed that the water escaping from the bottom is clear and free of gas bubbles and suspended sediments. In 1983, when the plume reached the surface (after an overnight period of surface cooling), no suspended sediments or bubbles were observed.
In order to investigate this problem further, we consider the decay of backscatter amplitude within the spreading plume, as a function of radial distance from the plume axis, as seen, for example, in the acoustic images in Plate 1. The question we wish to consider is whether or not the observed rate of radial decay is consistent with turbulent microstructure being the dominant backscatter mechanism. The coarse resolution of the CTD probe does not allow this question to be answered directly, and we are therefore forced to make indirect arguments. These are presented below. The rms acoustic backscatter amplitude, the rms temperature, and the rms salinity fine structure in the spreading plume are plotted in Figure 11 as functions of radial distance from the plume center. This plot was obtained by •taking averages over the vertical extent of the spreading plume of all three quantities. We see a rapid fall-off in rms acoustic backscatter with distance from the plume center, and similar decreases in the rms temperature and salinity fine structure amplitudes. 
Conservation Equations in the Spreading
where we have used (12) with W e set to zero, since the fluid exterior to the spreading plume has been assumed to be nonturbulent. Equation ( 
Biological Implications
The benthic community associated with the freshwater spring and vent area is very productive compared with the surrounding area. The submersible observations revealed brilliantly colored sea anemones, kelp, scallops, shrimp, and other organisms at the vent itself (the large rock in Figure 6 was in fact almost completely covered with these organisms) and large soft corals on the periphery of the vent area. Elsewhere, life was sparse. The high density of benthic organisms is almost certainly related in part to the fact that the bottom in the discharge area is largely rocks and cobbles, while in the surrounding area it consists of fine-grained mud. The rock surfaces provide a substrate to which these organisms can attach themselves, and they are likely kept clean of detritus and other fine-grained material by the buoyant discharge. The near-bottom convergence zone is almost certainly important as well, providing a continuous flow of particulates entrained from the surrounding water past these filter-feeding organisms. This is also suggested by the presence of large (1 m high) branching soft corals which we found ringing the discharge area, at an estimated distance of 5 to 10 m from the center. These corals were found nowhere else.
The rising plume may also represent a source of nutrients for the upper layer. Figure 13 is about 2 x 102 tag-at/m4, the diffusive flux of nitrate should be about 2 x 10 -3 tag-at/m2/s, which is nearly 6 orders of magnitude smaller than the estimated plume flux. Furthermore, the plume flux could at times be much larger if coupling with baroclinic motions, involving upward displacement of the density field at the head, were considered. These calculations suggest that the plume must represent an important nutrient source that might sustain primary production locally at much higher levels than are possible in the rest of the fjord, after the initial phytoplankton blooms have stripped the nutrients from the upper layer. 
